The distribution and subcellular localization of the two major proteases present in oat (Avena sativa L. cv Victory) leaves was investigated. Both the acidic protease, active at pH 4.5, and the neutral protease, active at pH 7.5, are soluble enzymes; a few percent of the enzyme activity was ionically bound or loosely associated with organellar structures sedimenting at 1000g. On the average, 16% of the acidic protease could be washed out of the intercellular space of the leaf. Since isolated protoplasts contained correspondingly lower activities as compared to crude leaf extracts, part of the acidic activity is associated with cell walls. No neutral protease activity was recovered in intercellular washing fluid. Of the activities present in protoplasts, the acidic protease was localized in the vacuole, whereas the neutral protease was not. The localization of the acidic protease in vacuoles did not change during leaf development up to an advanced stage of senescence, when more than 50% of the leaf protein had been degraded. These observations indicate that protein degradation during leaf senescence is not due to a redistribution of acidic protease activity from the vacuole to the cytoplasm.
The loss of Chl during the senescence of cereal leaves is preceded by a gradual decline in protein content. It has been suggested that proteases responsible for the degradation of the proteins are instrumental in regulating senescence progress (10, 13) .
Thus, in detached oat leaves senescing in the dark, Martin and Thimann (15) observed increases in the activity of the two major proteases, with pH optima at 4.5 ('acidic' protease) and 7.5 ('neutral' protease). However, depending on the conditions of incubation of detached leaves, protein breakdown can occur at the same rate whether protease activity increases or not. Although protease activity may increase during leaf senescence, young leaf cells appear to already possess sufficient protease activity to degrade all proteins present (26) . Thus, we proposed that in those cells the proteases are spatially separated from their protein substrates. During senescence, compartmentalization might be lost, leading to the accelerated loss of protein. According to this hypothesis, spatial contact between substrates and proteases rather than protease levels or activity would be the mechanism regulating the rate of protein degradation and, hence, senescence.
Protease activities have been detected in isolated vacuoles of many plant species (3) , including wheat (14, 29, 30) and barley (11, 21) . The presence of endopeptidases and carboxypeptidases inside the vacuole suggests that the vacuolar sap is involved in the digestion of cytoplasmic proteins (18, 27) . The (18) . Degradation of endogenous proteins inside isolated vacuoles of Acer pseudoplatanus has been reported by Canut et al. (6) . These authors suggested that the specificity of the degradation is due to a selective transfer of proteins from the cytoplasm into the vacuole rather than selective proteolysis inside the vacuole (7). However, the mechanism of transport of proteins into the vacuole is not understood. On the other hand, protein degradation may occur in the cytosol and in plant organelles after proteins have been marked by ubiquitin (28) . Alternatively, proteases synthesized and compartmentalized during early leaf development might be gradually liberated into the cytoplasm, as initially suggested by Balz (1). Thus, senescence might be controlled by passage of proteases out of the vacuole. Under conditions where protease activity does not increase during senescence, the relative amount of protease present in vacuoles is then expected to decrease during leaf development. Up to now, there is no evidence that vacuolar proteases are released into the cytosol, except when, in a final stage of senescence, lysis of the whole vacuole occurs (17) . Recently, we obtained representative vacuoles from oat leaves at various stages of development (24) and observed that the vacuolar membrane remained physically intact up to an advanced stage of senescence, when more than 50% of the leaf protein had already been degraded. These data offered the possibility to prove the subcellular localization of the two major proteases of oat leaves up to this stage and to address the question as to how far vacuolar proteases can be involved in cytoplasmic protein degradation.
MATERIAL AND METHODS
Plant Material. Oat plants (Avena sativa L. cv Victory) were grown in pot soil in a growth cabinet as described previously (24) . For (19) . Leaf apices were vacuum-infiltrated with the extraction medium containing a trace of Tween 20 (infiltration medium). The infiltration procedure was repeated up to two times, until the entire leaf segments had turned dark green. The leaf surfaces were dried by blotting with filter paper. The leaves were then placed in a tube with a perforated bottom within a centrifuge tube and centrifuged at 10OOg for 20 min. IWF was collected at the bottom of the centrifuge tube.
Isolation of Protoplasts and Vacuoles. Protoplasts were isolated by incubating stripped leaf apices in a cell wall-degrading enzyme mixture consisting of 0.8% cellulase and 0.4% macerozyme Onozuka R-10 (Kinki Yakult, Nishinimiya, Japan), 0.7 M mannitol, 0.5 mM DTT, and 25 mm Mes/KOH (pH 5.8), as described earlier (23) . To avoid increases in protoplast protease activity due to osmotic stress, protoplasts were prepared within 2.5 h. Vacuoles were liberated from protoplasts by lysis in appropriate concentrations of phosphate buffer and were purified on Ficoll gradients (24) . After purification, protoplasts and vacuoles were resuspended and lysed in the extraction buffer described above, supplemented with 0.1% Triton X-100.
Enzyme, Protein, and Chi Determinations After centrifugation and dialysis of the extracts, the protease activities were determined by measuring the increase in ninhydrin-positive material after incubation at 40°C for 2 h with hemoglobin as the substrate (26) . Protease activity was expressed either as the amount of glycine equivalents liberated g of leaf fresh weight, or as ,umol glycine equivalents -vol h h-related to the activity of a-mannosidase expressed as ,umol p-nitrophenol formed * vol-1 * h -(relative units). a-Mannosidase, glucose-6-phosphate dehydrogenase, and NADH-cytochrome-c-reductase activities (as markers for the vacuoles, cytosol, and endoplasmic reticulum, respectively) were measured using standard assays (2) . Protein concentrations were estimated by the method of Bradford (4), using bovine serum albumin as a standard. Chl content of the leaf apices was determined from 1 g of leaf material homogenized in 80% (v/v) acetone, containing 1% (w/v) ascorbic acid. After centrifugation, Chl was estimated in the supernatant according to the procedure of Bruinsma (5).
2 Abbreviation: IWF, intercellular washing fluid. RESULTS Subcellular Fractionation. In previous investigations, media containing 0.5 M NaCl were used to extract both the acidic and the neutral protease from oat leaves. Under these conditions, more than 95% of both protease activities was soluble, a few percent only remaining associated with the 1,000g pellet (Table  I) . Omission of the salt or its replacement by sucrose in order to retain ionically bound activity and stabilize subcellular organelles, respectively, affected the distribution of the acidic protease in that a larger percentage was retained in the 1,000g pellet and some activity remained associated with the 15,000g pellet. The distribution of the neutral activity was not significantly altered. In no case was any activity found in the 30,000g pellet, nor was activity in this fraction generated by the addition of various detergents. These observations indicate that both the acidic and the neutral proteases are soluble enzymes but suggest that particularly part of the acidic protease activity is associated with easily sedimentable structures. Table II shows results from a representative experiment comparing protease activities in leaf apices and their protoplasts. When the amount of protease activity in isolated protoplasts was compared with the total activity present in leaves, parts of both the acidic and the neutral activity were missing. Stripped epidermis contained relatively substantial amounts of the acidic but negligible neutral protease activity. Still, 23% of the acidic and 17% of the neutral activity were not recovered, indicating that part of both protease activities had been lost during protoplast preparation. Either the isolation procedure itself or an associa- tion of protease with the removed cell walls might be responsible for these losses.
To investigate whether any proteases are present extracellularly, ionically bound to cell walls, the intercellular space of the leaves was infiltrated with extraction buffer containing 0.5 M NaCl, and IWF was collected by centrifugation. Glucose-6-phosphate dehydrogenase activity in the IWF was below the level of detection and NADH-Cyt-c-reductase activity was only 0.25% when calculated on the basis of leaf weight. The amount of ninhydrin-positive material was negligible. Apparent protein content in IWF was 0.1% of that present in the leaves. These data demonstrate that significant leakage of large molecular into the IWF could be excluded.
Taking the protease activities in untreated leaf apices as 100%, an average of 16% of the acidic protease activity was recovered from the IWF; in the same IWF protease activity at pH 7.5 was below the limit of detection (Table III) . The remaining leaf tissue retained 65% of the protease active at pH 4.5 and 60% of the protease active at pH 7.5. Also under these conditions, parts of both the acidic and the neutral protease activities appeared to be lost.
When NaCl was omitted from the infiltration medium the yield of IWF was not significantly changed. Under these conditions, acidic protease activity in the IWF was only 60% of that recovered in the presence of NaCl. Again, protease activity at pH 7.5 was not detectable. The amount of protease activity recovered could be increased up to the level obtained with infiltration medium containing NaCl by successive infiltrations with increasing concentrations of NaCl (data not shown). These observations indicate that part of the acidic protease activity is ionically bound to the cell walls.
Vacuolar Localization. To elucidate the subcellular localization of the soluble proteases, the relative amounts present in vacuoles were determined. To check that these enzymes retained their activities during the preparation of the vacuoles, protease activities were determined in the Ficoll solutions in which the protoplasts were lysed (solution I) and in which the vacuoles were subsequently washed (solution II); activities were expressed in relative units on the basis of the vacuolar marker enzyme amannosidase (Table IV) .
In Ficoll solution I, protease activities relative to a-mannosidase were similar to those in leaf homogenates, indicating that the Ficoll did not affect the protease activities or their measurement. In the Ficoll washing solution II, relatively low protease activities were found. In contrast, the vacuoles floating in solution II contained high protease activity at pH 4.5, whereas protease activity at pH 7.5 was only just above the level of detection.
Based on the total a-mannosidase activity associated with the vacuoles (24), a mean of 59% of the acidic protease activity present in the protoplasts was calculated to be located in the vacuoles (Table V) . When the activities were calculated on the basis of the numbers of protoplasts and vacuoles, counted with a haemocytometer, vacuoles were found to possess a mean of 82% of the acidic protease present in protoplasts. No neutral protease activity was found in purified vacuoles. Based on amannosidase activity, in the vacuolar preparations, glucose-6-phosphate dehydrogenase and NADH-Cyt-c-reductase usually showed activities between 1 and 5% of those measured in the leaf extracts. Thus, cytoplasmic contamination of the isolated vacuoles was low. The absence of neutral protease activity, measured with hemoglobin, in isolated vacuoles and IWF was not due to limited substrate availability. In the presence of the substrates casein or Azocoll, no increase in substrate degradation was apparent (data not shown).
During leaf development, Chl and protein content decreased similarly, whether plants were grown in a growth cabinet or in a greenhouse (Fig. 1, A and B) . However, whereas protease activities tended to decrease in the greenhouse (26) , in the growth cabinet the acidic protease activity increased substantially up to the stage when Chl content started to decline (Fig. 1C) . Since the isolation of clean vacuoles requires plants grown under con- trolled conditions (24) , the localization of the proteases during leaf development was investigated when, for the most part, net protease activities were still increasing. Protoplasts and vacuoles were prepared at 8, 10, 14, and 17 d of development. This last stage was the latest one at which representative vacuoles could be prepared, and it marked an advanced stage of senescence, when more than 50% of the protein had been lost. Yet, at all four stages, essentially all of the acidic protease activity present in protoplasts was found in the vacuoles (Table VI) . Activities were based on the a-mannosidase activity present in each fraction. The latter activity was highly constant throughout leaf development, corroborating its usefulness as a marker. These results thus establish that even when gradual protein breakdown proceeds, all of the acidic protease activity present in protoplasts is retained within the vacuoles. In contrast, at no stage was any neutral activity present in this compartment (data not shown).
DISCUSSION
Both fractionation and protoplast isolation established that about one-sixth of the acidic protease activity present in oat leaves is localized, extracellularly associated with the cell wall. Intercellular space has previously (12) been shown to contain peroxidase, ribonuclease, glycosidases, and phosphatases with acidic pH optima. In this latter respect, these enzymes resemble vacuolar enzymes. Matile (17) suggested that the cell wall is part of the lytic compartment of the plant cell. Thus, it does not seem surprising that proteases are also present extracellularly. To our knowledge, only an Azocoll-digesting proteolytic enzyme present in bean leaves has so far been reported to be associated with the cell walls (25) . However, this enzyme has a pH optimum at 9.0 and was not active at pH values below 6.0. Extracellular proteases may function in degrading enzymes secreted by microorganisms present in the intercellular space. Whether such proteases can also degrade cell wall proteins remains to be demonstrated.
The majority of the protease activity at pH 4.5 was soluble and located within the vacuole. In initial experiments designed to probe the subcellular localization of both proteases, 59% of the activity present in protoplasts was recovered in the vacuoles. However, in later experiments, values up to 100% were detected. The reasons for these variations are not clear. It is noteworthy, however, that upon protoplast preparation and vacuum infiltration of the leaves, losses of up to 40% of both the acidic and the neutral protease were common. Since both these procedures entailed plasmolysis of the tissue, it is possible that this condition may lead to inactivation of proteases. Loss from the tissue appears highly improbable: no leakage of macromolecules was detected upon vacuum infiltration; loss of neutral protease activity was usually greater than that of the acidic one, yet its activity in IWF was negligible.
The enzyme active at pH 7.5 was absent from isolated vacuoles. By measuring low protease activities at pH 7.5 in the Ficoll Growing plants under different conditions greatly affected the level of protease activity but had no significant effect on the rate of protein loss. During natural leaf development in greenhousegrown plants, the vacuolar protease activity decreased with leaf age. This might mean that vacuolar proteases could still be gradually released into the cytoplasm to function in the degradation of protein substrates. However, these enzymes are not active at a neutral pH and quickly loose activity under such conditions. The acidic protease remained compartmentalized inside the vacuole throughout the period in which the protein content decreased by more than 50%. Thus, protein degradation during leaf development is not due to a redistribution of acidic protease activity from the vacuole to the cytoplasm. The only way in which the vacuolar proteases could have a function in the degradation of cytoplasmic protein is when proteins to be degraded are transferred into the vacuole (6, 7, 9) . In that case, the regulation of senescence must depend on more or less specific transport of proteins over the tonoplast.
Alternatively, proteases outside the vacuole, i.e. the neutral protease, and perhaps exopeptidases might be responsible for protein breakdown during senescence. Evidence is available that chloroplasts (16, 30) and mitochondria (8) contain minor proteases that might function in the organellar protein degradation (e.g. of ribulose-1,5-bisphosphate carboxylase), but the origin and relative importance of these enzymes are largely unknown.
Cytoplasmic protein degradation might be influenced by additional factors, as ubiquitin (28), ATP and pyridine nucleotides (20) , and fatty acids (22) have been suggested to play a role in the regulation of protein degradation.
The acidic protease activity located in the vacuole might only function in the late stages of senescence when leakage of the tonoplast occurs. However, during the life of the cell it may serve a protective function in that it ensures rapid hydrolysis of proteins upon wounding or pathogenic attack. The activity present in the intercellular space also appears to be eminently suited to serve the latter function.
